In the presence of a 100 mM Na+ gradient, transport of Lcarnitine into rat renal brush-border-membrane vesicles was linear over 30 s and showed an overshoot at 5 min. The uptake of L-carnitine was clearly less active in the presence of other cations such as Li', K+, Cs' or choline. In the presence of a Na+ gradient, L-carnitine uptake after 20 s was much higher for chloride as an anion than for SCN-, N,3-, gluconate or S042_-In comparison with conditions with inside positive or no membrane potential, transport was higher in vesicles with an inside
INTRODUCTION
Carnitine (4-N-trimethylammonio-3-hydroxybutanoate) is essential for the transport of long-chain fatty acids across the inner mitochondrial membrane [1, 2] . Another, well established function of carnitine is the maintenance of the cellular coenzyme-A pool [3, 4] . Mediated by carnitine acyltransferases, carnitine can react with acyl-CoAs and form the corresponding acylcarnitines [5] . In this reaction, coenzyme-A is generated and is available for metabolic pathways such as fl-oxidation and pyruvate metabolism.
In mammals, the body carnitine stores are maintained by dietary intake and by biosynthesis [2, 6] . Carnitine is eliminated as free carnitine or acylcarnitine almost exclusively by the kidneys, where it is filtered and reabsorbed by > 95 % in the proximal tubule [7, 8] . When carnitine reabsorption is impaired, e.g. in patients with primary carnitine deficiency [9] or patients with Fanconi syndrome [8, 10] , the plasma and tissue carnitine concentrations decrease and clinical signs of carnitine deficiency can develop, emphasizing the importance of the renal carnitine transport system.
The renal carnitine transport system has been characterized in rat kidney brush-border membrane vesicles [11] . These studies revealed Na+-dependent, saturable transport of L-carnitine which could be inhibited by structural analogues such as D-carmitine, butyrobetaine or D,L-acetylcarnitine but not by trimethyl-lysine or choline. The Km value of this transport system was found to be 55 ,M, a value which is close to values of L-carnitine transport in other organs [12] . Interestingly, L-carnitine uptake by kidney brush-border membranes from rats eating a carnitinesupplemented diet was lower than for rats on a regular diet, suggesting that the activity of the renal L-carnitine transport system may be regulated [11] . So far, no L-carnitine transport system has been characterized on the molecular level. Since our group has experience in expression cloning, we expressed rat kidney mRNA in Xenopus laevis oocytes and characterized L-camitine uptake [13] 
Methods
Brush-border-membrane vesicles prepared by an EGTA/ magnesium precipitation method as described previously in detail [14] were routinely used for the experiments. The final membrane pellet was resuspended in the transport buffer given in the legends to the Figures or Tables and dispersed using a syringe with a fine needle.
Transport experiments were performed with a rapid filtration technique using cellulose nitrate filters (0.65 ,um pore size from Sartorius, G6ttingen, Germany) according to a procedure described previously [15] .
Protein determinations were performed by the Lowry procedure [16] after precipitation with trichloroacetic acid. The kinetic parameters were fitted using non-linear regression *To whom correspondence should be addressed. 
RESULTS
The influence of cations on the transport of L-carnitine into brush-border-membrane vesicles from rat kidney was characterized first. As shown in Figure 1 , in the presence of 100 mM NaCl, the uptake of L-carnitine into isolated brush-bordermembrane vesicles was linear with time for 30 s and showed an overshoot at 5 min, indicating active, Na+-dependent uptake. In comparison, in the presence of 100 mM choline, the uptake of L-carnitine was slow and showed no overshoot. The effect of cations on L-carnitine uptake is characterized further in Table 1 . In the presence of LiCl, KCl or CsCl, the uptake was between that of NaCl and that of choline and showed no overshoot. The high equilibrium value (120 min) in the presence of LiCl was observed consistently in three experiments with individually prepared brush-border-membrane vesicles and could possibly be explained by increased binding.
Next, a possible influence of anions on the uptake of Lcarnitine in the presence of 100 mM Na+ or K+ (as a control) was studied. As shown in contrast, in the presence of K+, L-carnitine uptake did not depend on the anion used. The markedly increased uptake of L-carnitine in the presence of C1-as compared with SO42-suggested an effect of the membrane potential on the activity of this transport system. Such an influence of the membrane potential on L-carnitine uptake was tested more directly by creating K+/valinomycininduced diffusion potentials (Table 3 ). In the presence of an inside negative diffusion potential (vesicles preloaded with K+), Na+-dependent L-camitine uptake was clearly higher as compared with conditions with no potential or with an inside positive diffusion potential. This finding strongly indicates that Na+-dependent L-carmitine uptake by rat kidney brush-border-membrane vesicles is potential-dependent.
The kinetic analysis ofthe Na+-dependent L-carnitine transport is shown in Figure 2 . In the direct linear and also in the EadieHofstee plots, two Km values could be distinguished, averaging 17 Rebouche and Mack [11] .
In order to investigate whether both the high-and the lowaffinity system represent transport of L-carnitine into the vesicles, L-carnitine uptake was studied in the presence of increasing cellobiose concentrations in the incubation medium with constant mannitol concentrations in the vesicles, thus creating an increasing osmotic gradient. Figure 3 shows a plot of the reciprocal cellobiose concentration against the uptake of L-carmitine. The Finally, uptake of L-carnitine by brush-border membrane vesicles was characterized in the presence of various carnitine analogues (Table 4) . L-Acetylcarmitine, trimethyl-lysine and butyrobetaine were chosen because both acetylcarnitine and intermediates in carnitine biosynthesis have been shown to compete with Na+-dependent L-carmitine transport [11] . L-Arginine, glycinebetaine and choline were chosen to test the possibility that L-carmitine is transported by the respective transport system. LCarnitine uptake was inhibited in a concentration-dependent fashion in the presence of L-acetylcarnitine, D-carnitine, trimethyl-lysine or butyrobetaine, whereas no significant inhibition was observed in the presence of L-arginine. Interestingly, L-carnitine uptake was stimulated in the presence of 50 or 250 FuM glycinebetaine. Choline did not affect Na+-dependent L-carnitine uptake up to a concentration of 250 Hepes/Tris, pH 7.4, and 100 mM NaCI and the inhibitors at the concentration given in the Table. Transport was determined as described in Table 1 in the presence of 100 mM choline, Na+-dependent L-carnitine uptake was inhibited by more than 50 % (data not shown).
DISCUSSION
In agreement with earlier investigations assessing L-carnitine transport into brush-border-membrane vesicles [11] , the current studies revealed saturable, Na+-dependent transport of Lcarnitine which could be inhibited by structural analogues. In contrast to an earlier study [11] , the kinetic analysis of the L-carnitine uptake clearly revealed two Km values, suggesting the presence of two Na+-dependent transport systems in renal brushborder-membrane vesicles. The high-affinity system has a K.
value in the range of 20 ,uM which is slightly lower than the value of 55 4uM reported earlier [11] but similar to values of L-carnitine transport systems in heart [17, 18] orfibroblasts [19, 20] . In support of our results, a high-(Km value 58 ,M) and a low-affinity (Km value 3.7 mM) system for Na+-dependent L-carnitine transport have been described in kidney cortex slices from mice [21] . Interestingly, mice having a defective high-affinity carnitine transport system show increased carnitine excretion and systemic carnitine deficiency [21] , emphasizing the importance of the renal high-affinity L-carnitine transport system. The presence of more than one transport system for a substrate in the kidney is not unique for L-carmitine. Heterogeneity of tubular transport processes has been demonstrated for different substrates in perfused tubules as well as in isolated vesicles [15, [22] [23] [24] [25] . These findings have now been extended to the molecular level, since two types of renal Na+-dependent transport systems for inorganic phosphate have been identified [26] .
The reasons for the divergence of the carnitine transport kinetics between the current and earlier studies [11] remain unclear. Differences in the preparation of the membrane vesicles can be excluded since we obtained evidence for a high-and a lowaffinity transport system also with the calcium precipitation method used by Rebouche and Mack [11] . A major difference between the current and earlier studies lies in the uptake values used for the kinetic analysis [11] . While we used values obtained from the difference between uptake in the presence of sodium and choline, Rebouche and Mack used values corrected by subtraction of uptake in the presence of high concentrations of unlabelled substrate [11, 27] .
In addition to its dependence on sodium, the uptake of L-carnitine was stimulated by an inside negative K+ diffusion potential, suggesting that the membrane potential represents an additional driving force and that L-carnitine is transported as a cationic complex. The higher uptake after 20 s in the presence of chloride as compared with other anions is not easily explained. While a chloride conductance has been demonstrated in renal membrane vesicles [28, 29] , uptake of D-glucose [14] and of Llysine [15] have been shown to be higher in the presence of SCNor NO3-than in the presence of chloride in the same vesicle preparation. These latter findings suggest that chloride has a specific effect on L-carnitine uptake into renal brush-border membrane vesicles.
In agreement with an earlier study [11] , L-acetylcarnitine, intermediates in carnitine biosynthesis and D-carnitine inhibited L-carnitine transport in a concentration-dependent manner. In contrast, no significant inhibition was observed by L-arginine, arguing strongly against the possibility that L-carnitine is transported by a transport system for cationic amino acids. Interestingly, a stimulation of L-carnitine transport was observed in the presence of glycinebetaine. Since a transport system for glycinebetaine in rat kidney has recently been characterized and cloned [30, 31] , the lack of an inhibition of L-carmitine transport suggests the existence of different transport systems for these structurally related substances. In agreement with earlier studies [11] , choline did not affect Na+-dependent L-carnitine transport up to a concentration of 250,M but showed a significant inhibition at a concentration of 100 mM. While these findings argue against the possibility that L-carnitine is transported by the high-affinity choline transport system, it cannot be excluded that L-carnitine is transported by the low-affinity transport system for choline [24] .
In conclusion, the characterization of L-carnitine transport into rat renal brush-border-membrane vesicles revealed low-and high-affinity transport systems and identified a Na+-gradient and the membrane potential as major driving forces.
